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a b s t r a c t
Nipah and Hendra viruses are recently emerged paramyxoviruses belonging to the Henipavirus genus.
The Henipavirus phosphoprotein (P) consists of a large intrinsically disordered domain and a C-terminal
domain (PCT) containing alternating disordered and ordered regions. Among these latter is the P
multimerization domain (PMD). Using biochemical, analytical ultracentrifugation and small-angle X-ray
scattering (SAXS) studies, we show that Hendra virus (HeV) PMD forms an elongated coiled-coil
homotrimer in solution, in agreement with our previous ﬁndings on Nipah virus (NiV) PMD. However,
the orientation of the N-terminal region differs from that observed in solution for NiV PMD, consistent
with the ability of this region to adopt different conformations. SAXS studies provided evidence for a
trimeric organization also in the case of PCT, thus extending and strengthening our ﬁndings on PMD. The
present results are discussed in light of conﬂicting reports in the literature pointing to a tetrameric
organization of paramyxoviral P proteins.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The Hendra (HeV) and Nipah (NiV) viruses are recently emerged
BSL4 pathogens gathered within the Henipavirus genus within the
Paramyxoviridae family (Eaton et al., 2007; Wang et al., 2000). The
newly identiﬁed Cedar virus has also been classiﬁed within this
genus (Marsh et al., 2012). In henipaviruses, the genome is encapsi-
dated by the nucleoprotein (N) within a helical nucleocapsid that is
the substrate used by the polymerase for both transcription and
replication. The viral polymerase is a complex made of the L protein
and the P protein. The latter is an essential polymerase cofactor as it
allows the recruitment of L onto the nucleocapsid template. Beyond
its role in tethering the L protein, P is also supposed to serve as a
chaperone for N, i.e. to prevent illegitimate self-assembly of N (see
Albertini et al. (2005), Blocquel et al. (2012a), Lamb and Parks (2007)
and Roux (2005) for reviews on paramyxovirus transcription and
replication). Henipavirus N and P proteins were shown to interact
with each other (Habchi et al., 2011), being able to form both
homologous and heterologous N–P complexes (Blocquel et al.,
2012b; Chan et al., 2004; Omi-Furutani et al., 2010).
Using both computational and experimental approaches, we have
previously shown that Henipavirus P proteins possess a modular
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organization consisting of both ordered and intrinsically disordered
regions (IDRs) (Habchi et al., 2010; Karlin et al., 2003). Intrinsically
disordered proteins (IDPs) or IDRs are functional proteins/regions that
lack highly populated uniform secondary and tertiary structure under
physiological conditions of pH and salinity in the absence of a partner
(for reviews on IDPs, see (Chouard, 2011; Dunker et al., 2008a, 2008b;
Habchi et al., 2014; Turoverov et al., 2010; Uversky, 2010, 2013;
Uversky and Dunker, 2010)). The Henipavirus P proteins contain in
fact a spectacularly long N-terminal disordered region (PNT, aa 1–404
in HeV) (Habchi et al., 2010) and a C-terminal moiety (PCT, aa 405–707
in HeV) (Fig. 1). Contrary to PNT, which is common to both P and the
auxiliary viral protein V, PCT is unique to the P protein. PCT has a
modular organization being composed of alternating disordered and
ordered regions: it embraces a predicted disordered region that partly
overlaps the V ORF (aa 405–468 in HeV) referred to as spacer, a
structured region (aa 469–578 in HeV) referred to as PMD (for P
multimerization domain), a disordered linker (aa 579–656 in HeV) and
a globular region (aa 657–707 in HeV) referred to as X domain (XD)
(Fig. 1) (Habchi et al., 2010). The crystal structure of HeV XD has been
solved recently and was shown to consist of a triple α-helical bundle
(Communie et al., 2013b), in agreement with previous spectroscopic
and modeling studies (Habchi et al., 2011).
In Paramyxovirinae, sequence analyses predict a coiled-coil region
within PMD (Habchi et al., 2010; Karlin et al., 2003) (see Fig. 1). The
coiled-coil organization has been experimentally conﬁrmed in the case
of SeV (Tarbouriech et al., 2000b), rinderpest virus (RDV) (Rahaman
et al., 2004), MeV (Blocquel et al., 2014; Communie et al., 2013a), MuV
(Cox et al., 2013) and NiV (Blocquel et al., 2013; Bruhn-Johannsen et al.,
2014). PMDs from SeV (Tarbouriech et al., 2000b) and MeV were
shown to form a tetrameric coiled-coil (Blocquel et al., 2014;
Communie et al., 2013a). The tetrameric coiled-coil organization of
PMD has also been experimentally conﬁrmed in the case of RDV
(Rahaman et al., 2004), RSV (Llorente et al., 2006, 2008) and MuV (Cox
et al., 2013). In this latter case, however, the tetramer was found to
consist of two sets of parallel helices in opposite orientation, i.e. to be a
dimer of two antiparallel coiled-coil dimers (Cox et al., 2013) in
striking contrast with all Paramyxoviridae P proteins characterized so
far that were all shown to possess a parallel organization.
Strikingly, studies focused on NiV PMD yielded different results
depending on whether the protein was studied in solution or by
X-ray crystallography. Indeed, several independent biochemical
and biophysical approaches, including size-exclusion chromato-
graphy (SEC), SDS-PAGE, cross-linking, analytical ultracentrifuga-
tion and small-angle X ray scattering (SAXS), consistently conve-
rged to show that NiV PMD adopts a trimeric organization in
solution (Blocquel et al., 2013). By contrast, the crystallographic
structure of NiV PMD reported by Bruhn et al. revealed a tetra-
meric organization (Bruhn-Johannsen et al., 2014), thus raising
interesting questions as to the origin of these discrepancies.
In order to solve this conundrum and to shed light onto the
structural organization of Henipavirus phosphoproteins, we herein
have undertaken the characterization of both HeV PMD and PCT
regions. Using a combination of biochemical and biophysical
approaches, we show that like in the case of NiV, HeV PMD forms
a homotrimeric coiled-coil structure with an overall elongated
shape. Notably, SAXS studies provided evidence for a trimeric
organization also in the case of PCT, thus extending and strength-
ening conclusions based on PMD.
Results and discussion
Cloning, expression and puriﬁcation of P constructs
The P gene fragments encoding PMD or PCT with a C-terminal
histidine-tag were cloned into pDEST14. In both cases, the recom-
binant product was puriﬁed from the soluble fraction of the
bacterial lysate (see insets in Fig. 2). The proteins were puriﬁed
in two steps: IMAC and gel ﬁltration (see insets in Fig. 2). Both
PMD and PCT were found to migrate in SDS-PAGE with an
apparent molecular mass higher than that expected from their
amino acid sequence: indeed PMD was found to have an apparent
molecular mass close to 17 kDa (expected mass of 13,524 Da) and
PCT a mass of approximately 40 kDa (expected mass of 34,913 Da)
(see insets in Fig. 2). In both cases, however, the identity of the
puriﬁed protein was conﬁrmed by mass spectrometry analysis of
the tryptic fragments obtained after digestion of the puriﬁed
protein band excised from SDS-polyacrylamide gels. This aberrant
electrophoretic migration may reﬂect either an unusual amino
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Fig. 1. Domain organization of HeV P. Domain organization of P showing that it is composed of two moieties, PNT (aa 1–404) and PCT (aa 405–707), with this consisting of a
disordered region (“spacer”, aa 405–468), a structured region (PMD, aa 469–578), a disordered linker (aa 579–656) and a globular region (XD, aa 657–707). The ribbon
representation of the crystal structure of HeV XD (pdb code 4HEO) (Communie et al., 2013b) is shown. The structure was drawn using Pymol (DeLano, 2002). The HCA plot of
PMD, displayed on the top, points out the presence of a region encompassing residues 512–578 (underlined by a green bar) with the typical texture of a coiled-coil region
(see Ferron et al. (2005) and Blocquel et al. (2013)).
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acid sequence and/or composition, or the presence of predicted
disordered regions.
Intriguingly, and as already observed for the cognate NiV PMD
(Blocquel et al., 2013), when HeV PMD was analyzed by SDS-PAGE,
an additional band of approximately 34 kDa was observed (Fig. 3A).
This band was no longer detected when the protein was subjected
to prolonged thermal denaturation (Fig. 3A). Furthermore, this
additional band was found to be resistant to the addition of
20 mM DTT (Fig. 3A), arguing for a very stable oligomer that resists
under denaturing conditions (i.e. in spite of the presence of SDS)
and that is not mediated by disulﬁde bridges.
Size-exclusion chromatography and cross-linking studies
SEC experiments yielded an apparent molecular mass of 43 kDa for
HeV PMD, with the elution proﬁle being independent from protein
concentration (Fig. 2A). This value is not consistent with a monomeric
form of the protein (13.5 kDa) and is rather close to the value expected
for a trimer (40.5 kDa). Further support to this conclusion comes from
the observation that HeV PMD has the same elution proﬁle of NiV
PMD (Fig. 2A), a protein that has the same molecular mass as HeV
PMD and has already been shown to be an elongated trimer (Blocquel
et al., 2013).
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Fig. 2. Gel ﬁltration elution proﬁle and puriﬁcation of HeV PMD (A) and PCT (B). The arrows point the peak containing the protein of interest. The corresponding apparent
molecular mass (MM) and Stokes radius (RS) are indicated. In panel A, the elution proﬁle of NiV PMD (blue) is overlaid. Insets: Coomassie blue staining of an SDS-PAGE
showing the bacterial lysate (total fraction, TF), the clariﬁed supernatant (soluble fraction, SN), the non-retained fraction (ﬂ-th), the eluent from Immobilized Metal Afﬁnity
Chromatography (ENi) and the eluent from Gel Filtration (EGF). M: molecular mass markers (kDa).
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Fig. 3. Effect of thermal denaturation and cross-linking experiments. (A) Coomassie stained 15% SDS-PAGE showing the electrophoretic migration of puriﬁed HeV PMD as
obtained either with or without a prolonged thermal denaturation at 95 1C. The migration of a HeV PMD sample not subjected to thermal denaturation and containing
20 mM DTT is also shown. (B) Coomassie stained 15% SDS-PAGE showing the results of cross-linking with SAB (see Materials and methods). The concentration of SAB (μM) is
indicated above the gel. Samples in panel B, were thermally denatured for 5 minutes prior to electrophoretic migration.
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The Stokes radius (Rs) of HeV PMD, as inferred from its
apparent molecular mass (Uversky, 2002), is 28.5 Å, a value close
to that expected for a globular trimer (27.9 Å) (Uversky, 2002). The
slightly higher Rs value with respect to the value expected for a
globular trimer could reﬂect an elongated form of the protein, as
already observed for SeV, RDV and NiV PMDs (Blocquel et al., 2013;
Rahaman et al., 2004; Tarbouriech et al., 2000a).
In the case of PCT, SEC analyses showed that the proteinwas eluted
in the void volume (data not shown) unless 0.2 M arginine was added
to both the protein and the elution buffer (Fig. 2B). In this latter case,
its elution proﬁle was borderline with respect to the exclusion volume
allowing only a rough estimation of themolecular mass. The estimated
value (207 kDa) is twice the value expected for a trimer and 1.5 times
greater than the value expected for a tetramer, which can be indicative
either of a higher oligomeric state or of an elongated shape combined
to the presence of disordered regions that are known to impart an
apparently higher molecular mass during SEC (Uversky, 2002). The
corresponding RS is 51.0 Å, a value much higher than those expected
for a trimeric or tetrameric globular form of the protein (39.6 Å and
44.1 Å, respectively), again suggesting that the protein either forms
higher-order oligomers and/or has an extended shape.
In order to shed light into the oligomeric state of PMD and PCT,
we performed cross-linking experiments using SAB, a bifunctional
reagent of ﬁxed size (13.1 Å) that reacts with lysines. Experiments
carried out with PCT failed to provide insights, as addition of cross-
linker resulted in the formation of aggregates of high molecular
mass that could not enter into the gel (data not shown). In the case
of PMD, the addition of increasing amounts of SAB triggers the
progressive accumulation of two additional bands, the apparent
molecular mass of which is close to 34 and 55 kDa (Fig. 3B). Taking
into account the fact that the monomeric form aberrantly migrates
as a 17-kDa protein, these two bands, which correspond to twice
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Fig. 4. Small-angle X-ray scattering experiments of HeV PMD. (A) Experimental SAXS data recorded for q values up to 3.5 nm1. The curves obtained for three protein
concentrations (0.77 g/L, blue; 1.36 g/L, red; and 3.31 g/L, light blue) are represented after correction for concentration. (B) Representation of the Guinier plot for the protein
at 3.31 g/L. (C) Pair distance distribution, P(r), function of the data for the 3.31 g/L concentration. (D) Kratky plot. (E) Three views of the ab initio envelope calculated with
DAMAVER (Volkov and Svergun, 2003). 20 DAMMIF calculations (Franke and Svergun, 2009) were performed and averaged with DAMAVER to produce the average and
ﬁltered shape shown in light blue. The structure of a trimeric coiled-coil model of HeV PMD is shown, with the three chains being displayed in three different colors. Docking
of the model in the envelope was done manually using the program Chimera. The structural model ﬁts well in the density of the SAXS-derived model.
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and three times the apparent mass of the monomer, could
correspond to a dimeric and trimeric form (Fig. 3B). Surprisingly,
the band close to 34 kDa is also discernible in the absence of SAB
(Fig. 3B), a ﬁnding in line with the above described propensity of
HeV PMD to give rise to a very stable (i.e. SDS-resistant) oligomer
unless subjected to prolonged thermal denaturation (Fig. 3A).
The lack of detection of higher order oligomers even at the
highest cross-linker concentration suggests that the protein does
not form tetramers. In this regard, it should be pointed out that
although cross-linking experiments carried out by another group
and making use of a different cross-linker (i.e. glutaraldehyde)
revealed a tetrameric organization for NiV PMD (Salvamani et al.,
2013), the very high cross-linker concentrations used in those
studies may have generated non-speciﬁc association.
Although the present cross-linking experiments on their own are
not sufﬁcient to draw deﬁnite conclusions about the oligomeric state
of HeV PMD, they suggest that the protein could adopt a trimeric state
in solution like its NiV counterpart. In further support of this
hypothesis, it is noteworthy that when similar experiments were
performed with tetrameric MuV, RPV SeV and MeV PMDs, a clear and
discrete band corresponding to the tetrameric form could be readily
detected, even in our hands (Blocquel et al., 2014; Cox et al., 2013;
Rahaman et al., 2004; Tarbouriech et al., 2000b).
Far-UV CD studies
In order to conﬁrm that HeV PMD adopts a coiled-coil con-
formation like in the case of its most related paramyxoviral
members, we used far-UV spectroscopy. The spectrum of PMD is
indicative of a folded protein with an estimated α-helical content
of 61% (see inset in Supplementary Fig. S1A). The ratio of the
ellipticities at 222 and 208 nm (Θ222/208) is greater than 1.0 (see
inset in Supplementary Fig. S1A), a property indicative of the
presence of interacting helices and already observed also in the
case of PMDs from SeV (Tarbouriech et al., 2000a), RDV (Rahaman
et al., 2004), MeV (Blocquel et al., 2014) and NiV (Blocquel et al.,
2013). Upon addition of 70% of TFE the Θ222/208 ratio drops below 1
(Supplementary Fig. S1A). Taking into account the fact that high
TFE concentrations are known to disrupt tertiary structure and
quaternary structure and to stabilize secondary structure (Lau
et al., 1984), these results indicate that HeV PMD forms oligomers
through coiled-coil interactions.
To investigate the thermal stability of PMD oligomers, we
recorded the CD spectrum at 100 1C along with that obtained upon
a stepwise cooling down to 20 1C (Supplementary Fig. S1A). The
good superimposition between the initial spectrum and the spec-
trum obtained after cooling points out the reversibility of thermal
unfolding and argues for refolding of the main structural motif (i.e.
coiled-coil) (Supplementary Fig. S1A). We also monitored the mean
residue ellipticity at 222 nm (MRE222), indicative of the α-helical
content, at increasing temperatures and plotted it as a function of
temperature (Supplementary Fig. S1B). The unfolding proﬁle shows
a single cooperative transition with an inﬂection point at approxi-
mately 65 1C (Supplementary Fig. S1B). Analysis of the thermal
unfolding proﬁle yielded an apparent melting temperature (Tm) of
66 1C, a value lower than that determined for NiV PMD (76 1C)
(Blocquel et al., 2013).
These results support the conclusion that HeV PMD forms a
coiled-coil oligomer that features a relatively high thermal stabi-
lity, in line with previous observations on related PMDs (Blocquel
et al., 2013, 2014; Communie et al., 2013a; Llorente et al., 2008).
The far-UV CD spectrum of PCT is indicative of a protein
containing a higher amount of disorder and a lower α-helical
content as compared to PMD (Supplementary Fig. S1C and inset),
in agreement with the presence of predicted disordered regions. In
the case of PCT, the Θ222/208 ratio is lower than 1.0, a value
reﬂecting the absence of interacting helices. In addition, and by
contrast with HeV PMD, the addition of TFE does not signiﬁcantly
affect this ratio (see inset of Supplementary Fig. S1C), again
suggesting the lack of interacting helices through a quaternary
structure organization. The lower than 1.0 value of Θ222/208
probably reﬂects the contribution of disordered regions, which
are typiﬁed by very low ellipticities values at 222 nm (Woody,
2010). Thermal denaturation experiments similar to those
described above, yielded comparable results in that thermal
unfolding was found to be reversible, thus ruling out possible
heat-induced protein aggregation and arguing for proper refolding
Table 1
SAXS data collection and scattering-derived structural parameters (at the highest concentration) for PMD and PCT.
PMD PCT
Data-collection parameters
Detector Pilatus (1 M) Pilatus (1 M)
Beam geometry Bending magnet (BM29) Bending magnet (BM29)
Wavelength (Å) 0.992 0.992
q Range (Å1) 0.028–4.525 0.028–4.525
Exposure time (s) 1 1
Concentration range (g/L) 0.77–3.31 0.44–2.48
Temperature (1C) 10 10
Structural parameters
I(0) (cm1) (from P(r)) 42.070.1 115.070.2
I(0) (cm1) (from Guinier) 41.670.3 114.570.3
Rg (Å) (from P(r)) 39.170.2 86.770.5
Rg (Å) (from Guinier) 37.270.1 87.070.1
Dmax (Å) 132 302
Molecular-mass determination (kDa)
Molecular mass (MM) (from I(0)) 41.0 114
Calculated MM from sequence 40.5 104.7
Software employed
Primary data reduction PRIMUS PRIMUS
Data processing GNOM GNOM
Ab initio analysis DAMMIF DAMMIF
Validation and averaging DAMAVER DAMAVER
Validation of structural models CRYSOL/FOXS CRYSOL/FOXS
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of the structural motifs of PCT (i.e. PMD and XD). Plotting the
MRE222 as a function of temperature yielded a typical two-state
proﬁle, indicative of a single cooperative transition with an
apparent Tm of 68.6 1C (Supplementary Fig. S1D). These results
support the conclusion that HeV PCT encompasses both disordered
and structured regions adopting a prevalently α-helical conforma-
tion. Its behavior in terms of reversibility of thermal unfolding and
high Tm are reminiscent of that observed in the case of HeV PMD,
suggesting that the folding/unfolding behavior of PCT is domi-
nated by PMD and that this latter maintains its structural organi-
zation in the context of PCT.
SAXS studies of PMD
In order to achieve insights into the shape and oligomeric state of
HeV PMD in solution, we performed SAXS studies. The shapes of the
SAXS curves (Fig. 4A) and the Guinier plots obtained (Fig. 4B) are
independent of protein concentration, indicating the absence of
signiﬁcant aggregation. Each curve can be well approximated by a
straight line in the Guinier region (qRgo1.0). The slope gives the value
of the radius of gyration, Rg, while the intercept of the straight line
gives the I(0) which is proportional to the molecular mass of the
scatterer. Guinier analysis in the low q region gave an Rg of
37.270.1 Å, which is in good agreement with the value of 39.170.2
determined from the pair distance distribution function P(r) (Tables 1
and 2). The molecular mass determined from the extrapolated
scattering intensity at zero angle I(0) is 41.0 kDa, a value in very good
agreement with the molecular mass expected for a trimeric form
(40.5 kDa) (Table 1). Note that the reliability of this estimation is
supported by the precision with which we could estimate protein
concentration. Indeed, accurate determination of molecular mass by
SAXS analysis is known to critically depend on accurate estimation of
particle concentration (Mylonas and Svergun, 2007). Herein, our
estimation of HeV PMD concentration based on the theoretical
absorption coefﬁcient was found to be in very good agreement with
the actual protein concentration determined through analysis of the
amino acid composition (see Materials and methods).
The experimentally observed Rg value is 1.7 times larger than
that expected (22.1 Å) for a globular protein with an Rs equal to
that experimentally observed for HeV PMD (28.5 Å) (Wilkins et al.,
1999). It is even much higher than the value expected (17.3 Å)
for a sphere with an Rs of 22.4 Å, as determined from the volume
of a sphere with 1173 residues (see Materials and methods).
The strong discrepancy between the experimentally observed Rg
and the value expected for a globular/spherical form indicates that
Table 2
Rg (from Guinier), I(0) (from Guinier) and Dmax for PMD and PCT at the various
protein concentrations.
Protein concentration (g/L) Rg (Å)
(Guinier)
I(0) (Guinier)
(cm1)
Dmax
(Å)
PMD 0.77 36.570.3 41.1 127.6
PMD 1.36 37.070.1 41.8 130.8
PMD 3.31 37.270.1 41.6 132.3
PCT 0.44 86.470.5 114.4 300.8
PCT 1.25 86.870.2 114.7 301.1
PCT 2.48 87.070.1 114.5 301.8
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Fig. 5. Comparison between the experimental (green) and calculated (red) HeV PMD scattering curve obtained either with no forced symmetry (P1) or by imposing a P2, P3
or P4 symmetry. The calculated curve corresponds to the average proﬁle provided by DAMMIF. Experimental data presented here were recorded at 3.31 g/L. Values in the
insets show the χ values calculated for the comparison between the predicted SAXS proﬁles and the experimental data as obtained at different protein concentrations.
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the overall structure of HeV PMD is very elongated. The higher
than expected Rg conﬁrms that the higher apparent molecular
mass observed upon SEC does indeed reﬂect an elongated trimer,
as already observed for the cognate NiV PMD (Blocquel et al.,
2013).
The distances distribution function inferred from the scattering
curve of HeV PMD exhibits a maximum at 20 Å, a shoulder at
100 Å and a long tail up to 132 Å (Dmax) typical of an elongated
object (Fig. 4C). The Rg of a thin rod of length L¼132 Å is 38.1 Å
(see Materials and methods), a value in very good agreement with
the values estimated from the Guinier plot (37.2 Å) and from the
pair distance distribution function (39.1 Å).
The Kratky plot presents a maximum at qE0.83 nm1 and a ﬂat
region for q41.75 nm1 (Fig. 4D). The shape of the plot is
indicative of a structured protein with possibly an at least partly
disordered appendage, as judged from the bell-shape nature of the
curve that displays a clear maximum and from the presence of the
ﬂat region.
Next, we employed the program DAMMIF to carry out ab initio
shape reconstruction from the SAXS data. To this purpose, we used the
scattering data obtained at the highest concentration so as to achieve
maximal resolution. Several series of independent runs were carried
out either with no forced symmetry or by imposing P2, P3 or P4
symmetries. Within each symmetry class, models were very repro-
ducible with an average normalized spatial discrepancy (NSD) well
below 1.0, indicating structurally similar solutions (Supplementary Fig.
S2). The lowest average NSD values were obtained either with no
imposed symmetry (NSD¼0.5870.02) or by imposing a P3 symmetry
(NSD¼0.6270.64). All generated bead models appeared as elongated
cylinders, compatible with a coiled-coil structure (Supplementary Fig.
S3 and data not shown). Supplementary Fig. S4 shows, for each
symmetry class, the distribution of χ values for the 20models. For each
symmetry class, the models resulting from 20 independent DAMMIF
runs were superimposed using the DAMAVER suite. After having
rejected three and two outliers (see Materials and methods) within
the P2 and P3 symmetry class, respectively, the program built the ﬁnal
average ﬁlteredmodels that were all found to have an elongated shape
(Supplementary Fig. S5). Best results were obtained with the P3
symmetry, as judged from the DAMMIF average χ parameter (Fig. 5).
Of note, best average χ values were systematically obtained by
imposing a P3 symmetry even at the intermediate and low protein
concentration (see insets in Fig. 5). Global statistical analysis of the
obtained χ values using Bayesian-Factors (see Materials and methods)
showed that differences in χ values are meaningful (Supplementary
Table S1), thereby supporting the conclusion that the P3 symmetry is
the one that best ﬁts the experimental data. As shown in Fig. 4E, the
average ﬁltered model generated by DAMAVER by imposing the P3
symmetry has an elongated dumbbell shape.
Interestingly, the shape of the HeV PMD envelope is somehow
different from that of NiV PMD (Blocquel et al., 2013). Another
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unexpected difference between the two PMDs resides in their
overall dimensions: indeed, although the two domains differ in
length by only one residue, HeV PMD was found to have an Rg and
a Dmax much smaller than those of its NiV counterpart (compare
37.2 Å and 132 Å, respectively, to 50.8 Å and 182 Å) (Blocquel et al.,
2013). Taking into account the high sequence identity (91%) and
the highly similar size of the two P multimerization domains,
these results indicate that the amino acid sequence does not
uniquely dictates the structure adopted in solution, thereby lead-
ing to unexpected differences in the structural parameters. These
structural discrepancies between the envelopes of NiV and HeV
PMD may reﬂect the ability of Henipavirus PMDs to undergo
conformational changes resulting in forms of different lengths.
Similarly to what we did in the case of NiV PMD (Blocquel et al.,
2013), we generated various structural models of HeV PMD differing in
their oligomeric state (see Materials and methods) and assessed how
they ﬁt into the SAXS envelope. As shown in Fig. 4E, the trimeric
model can easily be accommodated in the SAXS envelope. To quantify
the extent to which the different models ﬁt the experimental scatter-
ing proﬁles, we used the program CRYSOL (Svergun et al., 1995), which
calculates a theoretical SAXS proﬁle from each model and then
compares it to the experimental SAXS proﬁle (Fig. 6A). As we used
models and not crystal structures, the best ﬁt was observed in the
lower values of q (0–1.5 nm1), which represent the global shape of
HeV PMD, whatever the model used (see Fig. 6A). At the lowest and
highest protein concentrations, the calculated scattering proﬁle of the
trimeric model was found to ﬁt better the experimental proﬁle as
compared to the other models, especially in the low q values, thereby
yielding the lowest χ value (see insets in Fig. 6A). At the intermediate
protein concentration, a slightly lower χ value was obtained for the
dimeric form (see insets in Fig. 6A). Global statistical analysis of the
obtained χ values using Bayesian-Factors (see Materials and methods)
unambiguously showed that the trimeric model is much more likely
than both the dimeric and tetrameric models (Supplementary Table
S2). Altogether these results indicate that HeV PMD adopts a trimeric
organization in solution, as already observed for its close NiV relative.
Interestingly, the N-terminal “head” region is oriented differently in
our previous NiV PMD model (hereafter referred to as “up” conforma-
tion), being solvent exposed and not packed back onto the coiled-coil
as in the models herein described (Blocquel et al., 2013). We thus
reasoned that a different orientation of the head could be responsible
for the observed differences in the length of the NiV and HeV PMD
envelopes. We therefore generated models of a dimeric, trimeric and
tetrameric HeV PMD form in which the head is in the “up” conﬁgura-
tion (see Materials and methods). We then assessed how these models
ﬁt the experimental SAXS proﬁle using CRYSOL (Fig. 6B). At the lowest
and highest protein concentrations, the lowest χ values were obtained
for the trimer, while at the intermediate concentration a lower χ value
was obtained for the dimer (Fig. 6B). Global statistical analysis
performed on all χ values allowed us to conclude that the trimer is
the model that is in best agreement with experimental data (see
Supplementary Table S2). Interestingly, comparison of the Chi values
obtained with the “head-up” and “head-down” trimer clearly desig-
nates the latter as the best ﬁtting model (Fig. 6 and Supple-
mentary Table S2).
Altogether, these data support the ability of Henipavirus PMDs
to adopt different conformations differing in the orientation of the
head and hence in their length. Whether the “up” and “down”
conformations are unique to NiV and HeV, respectively, or
whether both domains are able to adopt an equilibrium between
the two forms remains to be established.
Sedimentation analysis
In view of gaining additional experimental support for a trimeric
organization of HeV PMD in solution, we performed sedimentation
equilibrium experiments (Fig. 7). Sedimentation equilibrium was
performed with various loading protein concentrations (0.6, 1.6 and
2.1 g/L) at 10,000, 12,000, 17,000 and 40,000 rpm at 4 1C. Analysis of
the three concentrations at 280 and 257 nm showed a best residuals
distribution for a single species model. Multispeed global analysis for
each concentration at the two wavelengths lead to a mean molecular
mass of 43,5007600 Da, a value close to that expected for a trimer.
Equilibrium sedimentation experiments thus conﬁrmed that HeV
PMD adopts a trimeric conformation in solution.
SAXS studies of PCT
We next studied PCT by SAXS. The scattering proﬁles (Fig. 8A)
and the obtained Guinier plots (Fig. 8B) were found to be
concentration-independent in the 0.44–2.48 g/L range provided
that 5 mM DTT was added. Above this concentration threshold
however, the experimental proﬁles indicated at least partial
aggregation of the protein (data not shown). We therefore used
only the data obtained at concentrations up to this threshold
value. Under these conditions, all the scattering curves are linear
in the Guinier region. Guinier analysis in the low q region gave an
Rg of 87.070.1 Å, a value close to that obtained from the pair
distance distribution function (86.770.5 Å) (Tables 1 and 2). The
molecular mass deduced from I(0) is 114 kDa (Table 1). Although
this value slightly exceeds the molecular mass expected for a
trimeric form (104.7 kDa), it remains nevertheless indicative of a
trimeric organization of the protein. In this case, like in the case of
PMD, the experimentally observed Rg value is much larger (3.6
times) than the value expected (24.0 Å) for a sphere with an Rs of
31.0 Å, as determined from the volume of a sphere with 3103
residues (see Materials and methods). In this case, the discrepancy
between the observed and the expected Rg is even more pro-
nounced than in the case of PMD. The ﬁnding that the actual Rg
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largely exceeds that expected for a sphere reﬂects the highly
elongated nature of the protein, a property arising from the
elongated shape of PMD combined with the presence of disor-
dered regions. The very high Rg value also explains the spectacu-
larly high apparent molecular mass observed in SEC studies.
The distance distribution function of PCT displays a maxi-
mum at 90 Å and a Dmax value of 302 Å typical of an elongated
object (Fig. 8C). The Rg of a thin rod of length L¼302 Å is 87.2 Å
(see Materials and methods), a value in very good agreement with
the values estimated from the Guinier plot (87.0 Å) and from the
pair distance distribution (86.7 Å). The shape of the Kratky plot,
with a maximum at qE0.27 nm1 and a ﬂat region for
q40.83 nm1, is indicative of a mixed protein consisting of a
structured and a disordered moiety (Fig. 8D), in agreement with
the far-UV CD data.
For ab initio shape reconstruction, we used the scattering data
obtained at the highest concentration so as to achieve maximal
resolution, and proceeded as described for PMD. For each sym-
metry class, models were found to be very reproducible with an
average NSD below 1.0, indicating structurally similar solutions
(Supplementary Fig. S6 and data not shown). All generated bead
models have an elongated shape (data not shown). Like in the case
of PMD, best results were obtained with the P3 symmetry (data not
shown), thus providing additional support for a trimeric organization
of the protein. Assuming a P3 symmetry, the models resulting from
20 independent DAMMIF runs were superimposed using the DAMA-
VER suite, which yielded an average NSD of 0.6670.23 after having
discarded four outliers. The average ﬁltered model generated by
DAMAVER has an elongated shape (Fig. 8E).
Altogether, these results conﬁrm and reinforce conclusions
based on studies carried out on HeV PMD. They therefore afford
additional reliability to the conclusion that the HeV P protein
adopts a trimeric organization in solution, like its NiV counterpart.
Conclusions
The results herein presented, along with our previously
reported results on NiV PMD (Blocquel et al., 2013), provide
experimental evidence for a trimeric organization of Henipavirus
phosphoproteins in solution. On the other hand, the crystallo-
graphic structure of NiV PMD reported by Bruhn et al. unambigu-
ously shows a tetrameric organization within the crystal (Bruhn-
Johannsen et al., 2014).
It is conceivable that Henipavirus P proteins can form both
trimers and tetramers depending on the conditions. That coiled-
coils are able to modulate their oligomeric state according to the
physico-chemical conditions (pH, temperature.) or depending on
whether they are located inside or outside the cell, has already
been reported (Dutta et al., 2001; Lupas and Gruber, 2005). Of
even more interest, the GCN4 leucine-zipper domain was shown
to adopt different oligomeric states depending on the crystal-
lization conditions, implying that the amino acid sequence does
not specify a unique oligomeric state (Oshaben et al., 2012). It is
also worthy to emphasize that conﬂicting experimental evidence
are not unique to NiV PMD: indeed SeV PMD had also been shown
to form trimers in solution (Curran, 1998; Curran et al., 1995) and
to adopt a tetrameric coiled-coil conformation in the crystal
(Tarbouriech et al., 2000b). The experimental evidence pointing
to a trimeric form of SeV P have been set aside perhaps too rapidly
in light of the crystallographic data pointing to a tetrameric
organization. However, the ﬁnding that both SeV and NiV PMD
can form trimers in solution and tetramers in the crystal may
reﬂect their intrinsic ability to adopt different oligomeric states
that could be related to different functional forms of the P protein
and to the different complexes (i.e. N–P, N1–P, P–L) that this latter
can form within infected cells. Likewise, the herein proposed
ability of the N-terminal “head” region of Henipavirus PMD to
adopt different conformations, might play a functional role by
imparting speciﬁcity in molecular interactivity.
In the same vein, structural comparison among the different
crystallographic structures of MeV PMD solved so far unveiled
unexpected structural variations (Blocquel et al., 2014; Communie
et al., 2013a). Although all the structures have a tetrameric coiled-
coil organization, structural comparison unveiled considerable
differences not only in the quaternary structure but also in the
extent of disorder within the C-terminal region of the coiled-coil
(Blocquel et al., 2014). We have previously proposed that the
unexpected plasticity and ﬂexibility of MeV PMD could be the ﬁrst
hint of the existence of different functional forms of the P protein
reﬂecting its multifunctional nature and pivotal role in the
replicative cycle.
In conclusion, the ability of SeV and Henipavirus P proteins to
adopt different oligomeric states, together with the ability of MeV
PMD to dynamically sample different forms differing in the degree
of compaction and in the extent of disorder, might be the basis for
the ability of the P protein to form different complexes critical for
transcription and replication, with conformational changes possi-
bly dictating the ability to form a transcriptase versus a replicase
complex.
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Materials and methods
Cloning of the PMD and PCT coding regions
The HeV PMD and PCT constructs, encoding respectively residues
469–578 and 404–707 of the HeV P protein (SwissProt sequence
accession number O55778.2), all with an hexahistidine tag fused to
their C-terminus, were obtained by polymerase chain reaction (PCR).
PCR was performed using a synthetic HeV P gene (GenScript),
optimized for the expression in Escherichia coli, as template, and Pfu
polymerase (Promega). Primers (Operon) were designed to introduce
an AttB1 and AttB2 site at the 50 and 30 ends, respectively, and to
amplify the desired part of the P ORF with a fragment encoding a C-
terminal hexahistidine tag. The rationale for the choice of the tag
position was to avoid puriﬁcation of truncated forms arising from
possible abortive translation. After digestion with DpnI (New England
Biolabs) to remove the methylated DNA template, the PCR products
were puriﬁed (PCR Puriﬁcation Kit, Qiagen) and cloned into the
pDEST14 vector (Invitrogen) using the Gateways recombination
system (Invitrogen). This vector drives the expression of recombinant
products under the control of the T7 promoter. Selection and
ampliﬁcation of the construct was carried out using CaCl2-competent
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E. coli TAM1 cells (Active Motif). The sequences of the coding regions
of the constructs were checked by sequencing (GATC Biotech) and
found to conform to expectations.
Expression and puriﬁcation of PMD and PCT constructs
The E. coli strain Rosetta [DE3] pLysS (Novagen) was used for
expression of all the P constructs. The pLysS (Novagen) plasmid
carries the lysozyme gene, thus allowing tight regulation of the
expression of the recombinant gene, as well as a facilitated lysis.
Cultures were grown overnight to saturation in LB medium
containing 100 mg/mL ampicilin and 34 mg/mL chloramphenicol.
An aliquot of the overnight culture was diluted 1/25 in LB medium
and grown at 37 1C. At an OD600 of 0.7, isopropyl β-D-thiogalacto-
pyranoside (IPTG) was added to a ﬁnal concentration of either
0.5 mM (PMD) or 0.2 mM (PCT), and the cells were subsequently
grown at 37 1C for 4 h. The induced cells were harvested, washed
and collected by centrifugation (5000g, 10 min). The resulting
bacterial pellets were frozen at 20 1C.
Bacterial pellets, irrespective of whether they contained PMD or
PCT, were resuspended in 5 volumes (v/w) of buffer A (50 mM Tris/
HCl pH 8, 1 M NaCl, 10 mM Imidazole) supplemented with 0.1 mg/mL
lysozyme, 10 μg/mL DNAse I, 20 mM MgSO4 and protease inhibitor
cocktail (Sigma) (one tablet for a 2 L-culture). After a 20-min incuba-
tion with gentle agitation at 4 1C, the cells were disrupted by
sonication (using a 750W sonicator and 5 cycles of 30 s each at 60%
power output). The lysates were clariﬁed by centrifugation at 30,000g
for 30 min and then puriﬁed by immobilized metal afﬁnity chromato-
graphy (IMAC). The clariﬁed supernatant from a 1 L-culture was
injected onto a 5-mL HisTrap FF column (GE, Healthcare), previously
equilibrated in buffer A supplemented with 1 M NaCl. Elution was
carried out using a gradient of imidazole (20–500mM) in buffer A
supplemented with 1 M NaCl. Eluents were analyzed by SDS-PAGE for
the presence of the desired product. The fractions containing the
desired recombinant product were combined and loaded onto a
Superdex 200 HR 16/60 column (GE, Healthcare). PMD was eluted
in 50 mM Hepes pH 8, and 300 mM NaCl, while PCT was eluted in
30 mM Tris/HCl pH 8, 5 mM EDTA, 300 mM NaCl, 1 mM PMSF
(phenylmethylsulfonylﬂuoride), and glycerol 10% supplemented with
200mM arginine. Proteins were concentrated using Centricon Plus-20
(molecular cutoff of 3000 Da for PMD and of 30,000 Da for PCT)
(Millipore) and then stored at 20 1C.
All puriﬁcation steps, except for IMAC and gel ﬁltrations, were
carried out at 4 1C. Apparent molecular mass of proteins eluted
from the gel ﬁltration column was deduced from a calibration
carried out with ferritin (440 kDa), catalase (232 kDa), BSA (132
and 66 kDa), Tobacco Etch virus protease (27 kDa), and lysozyme
(14 kDa).
Protein concentrations were either calculated using the theoretical
absorption coefﬁcients at 280 nm, as provided by the program
ProtParam at the EXPASY server (http://www.expasy.ch/tools), or
estimated via quantitative analysis of the amino acid composition. In
those analyses, PMD samples were dried and hydrolyzed at 110 1C in
constant-boiling HCl containing 1% (v/v) phenol for 24 h under
reduced pressure and in the absence of oxygen. Amino acids were
analyzed on a model Biochrom 30 amino acid analyzer, with the
standard sodium citrate eluting buffer system. Calibrations were made
with standard solutions that contained all the amino acids except
tryptophan. The amino acids' concentrations were estimated through
reaction with ninhydrine. The internal standard was norleucine. Once
the actual protein concentration has been determined in that manner,
the corresponding experimental absorption coefﬁcient at 280 nm
could be derived and found to be very close (4.209 mM1 cm1) to
the theoretical one (4.470 mM1 cm1).
Mass spectrometry (MALDI–TOF)
The identity of the puriﬁed PMD and PCT proteins was conﬁrmed
bymass spectral analysis of tryptic fragments. Samples for this analysis
were obtained by digesting (0.25 μg trypsin) 1 μg of puriﬁed recombi-
nant protein obtained after separation onto SDS-PAGE. Mass analysis
of the tryptic peptides was performed using an Autoﬂex II TOF/TOF
(Bruker Daltonics, Bremen, Germany). Peptides were analyzed in the
Autoﬂex matrix-assisted laser desorption ionization/time of ﬂight
(MALDI–TOF). Spectra were acquired in the linear mode. Samples
(0.7 mL containing 15 pmol) were mixed with an equal volume of
sinapinic acid matrix solution, spotted on the target, then dried at
room temperature for 10 min. The mass standards were either
autolytic tryptic peptides or peptide standards (Bruker Daltonics).
Peptide ﬁngerprints were obtained and compared in silicowith protein
digest (Biotools, Bruker Daltonics, Germany).
Analytical ultracentrifugation (AUC)
Equilibrium sedimentation experiments were performed at
4 1C in a Beckman Optima-XL-A analytical ultracentrifuge in six
channel centerpiece. Measurements were done at three successive
speeds (10,000, 12,000 and 17,000 rpm) by taking scans at 280 nm
and 257 nm, when sedimentation equilibrium was reached. High-
sedimentation was conducted afterwards for baseline correction.
At 4 1C, the partial speciﬁc volume of HeV PMD, solvent density
and viscosity calculated with SEDNTERP (Laue et al., 1992) were
0.72793 mL/g, 0.99823 g/cm3 and 0.01567 poise, respectively.
For one concentration, a multispeed global analysis was applied
to the data using the SEDPHAT program (Vistica et al., 2004) and
the best ﬁt was obtained for a single solute.
Calculation of the hydrodynamic radius and of radius of gyration
The theoretical Stokes radii (Rs, in Å) expected for a natively
folded ðRNFs Þ protein with an expected molecular mass (MMtheo)
(in Daltons) were calculated according to (Uversky, 2002) the
following equation:
log ðRNFs Þ ¼ 0:369logðMMtheoÞ0:254 ð1Þ
The theoretical Stokes radii (Rs) of a natively folded trimer
ðRTrimers Þ or tetramer ðRTetramers Þ was calculated as follows:
log RTrimers
 
¼ 0:369logðMMtheo 3Þ0:254 ð2Þ
log RTetramers
 
¼ 0:369logðMMtheo 4Þ0:254 ð3Þ
The theoretical radius of gyration (Rg, in Å) expected for a
globular protein with a hydrodynamic radius Rs was calculated
according to (Wilkins et al., 1999) the following equation:
Rg ¼ 3=5
 1=2Rs ð4Þ
The Rg of a thin rod with a length L can be calculated as follows:
R2g ¼ L2=12 ð5Þ
PMD and PCT consist of 117 and 310 residues, respectively,
including the initial methionine and the hexahistidine tag. Using
an average volume of 134 Å3 per residue for proteins, and con-
sidering a trimeric organization for both PMD and PCT, the radius
of a sphere with volume V¼4/3πRS3 would be 22.4 Å in the case of
PMD, and 31.0 Å in the case of PCT. According to Eq. (4), the
corresponding Rg would be 17.3 Å for PMD and 24.0 Å for PCT.
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Cross-linking experiments
A ﬁxed amount of PMD (5 μg) was incubated for 20 h at room
temperature with increasing amounts (0–10mM) of suberic acid bis
(N-hydroxy-succinimide ester) (SAB) in 20 mM Hepes pH 7.0, 150 mM
NaCl in a ﬁnal volume of 30 μL. The reactions were stopped by adding
Laemli sample buffer and by heating the sample at 95 1C for 5 min.
The samples were analyzed by 15% SDS-PAGE followed by Coomassie
Blue staining. SAB was ﬁrst solubilized in DMSO at a concentration of
1% and then diluted in 50mM Hepes pH 7.0, 150 mM NaCl to the
desired concentration.
Far-UV circular dichroism (CD)
For both PMD and PCT, CD spectra were recorded on a Jasco 810
dichrograph using 1-mm thick quartz cells in 10 mM sodium phos-
phate pH 7 at 20 1C either in the absence or in the presence of
increasing concentrations of 2,2,2 triﬂuoroethanol (TFE). Both CD
spectra were measured between 185 and 260 nm, at 0.2 nm/min
and were averaged from three independent acquisitions. Mean molar
ellipticity values per residue (MRE) were calculated as MRE¼3300m
ΔA/(lcn), where l (path length)¼0.1 cm, c (protein concentration in g/
l)¼0.1, n (number of residues)¼117 for PMD and 310 for PCT, m
(molecular mass in Daltons)¼13,524 for PMD and 34,923 for PCT.
Spectra were deconvoluted using the DICHROWEB website (http://
dichroweb.cryst.bbk.ac.uk/html/home.shtml) which was supported by
grants to the BBSRC Centre for Protein and Membrane Structure and
Dynamics (CPMSD) (Whitmore and Wallace, 2004, 2008). The CON-
TINLL deconvolution method was used to estimate the α-helical
content using the reference protein set 7.
In order to monitor protein unfolding, measurements at ﬁxed
wavelength (222 nm) were performed in the temperature range of
20–100 1C with data pitch 1 1C and a temperature slope of 1 1C/min.
The buffer solution without the protein was used as blank. Fitting of
experimental data was done using Sigmaplot.
Small angle X-ray scattering (SAXS) measurements and ab initio 3D
shape reconstructions
All small-angle X-ray scattering (SAXS) measurements were
carried out at the ESRF on beamline BM29 at a working energy of
12.5 keV. The sample-to-detector distance of the X-rays was 2.847 m,
leading to scattering vectors q ranging from 0.028 to 4.525 nm1
(see Table 1 for details on data collection). The scattering vector is
deﬁned as q¼4π/λ sin θ, where 2θ is the scattering angle. The
exposure time was optimized to reduce radiation damage.
SAXS data were collected at 10 1C using puriﬁed protein samples
(30 μl each). Protein concentrations and buffers were as follows: 0.77,
1.36 and 3.31 g/L in 20 mM Tris/HCl pH 8, 5 mM EDTA, 150 mM NaCl
for PMD; 0.44, 1.25, 2.48 and 4.0 g/L in 20 mM Tris/HCl pH 8, 5 mM
EDTA, 500mM NaCl, and 5mM DTT for PCT.
Samples were loaded in a fully automated sample charger. Ten
exposures of 10 s each were made for each protein concentration
and data were combined to give the average scattering curve for
each measurement. Any data points affected by aggregation, possi-
bly induced by radiation damages were excluded. The proﬁles
obtained in the range 0.77–3.31 g/L for PMD, and 0.44–2.48 g/L
for PCT had the same shape and were ﬂat at low q values indicating
the absence of signiﬁcant aggregation. Then, we used the higher
concentration (3.31 g/L for PMD and 2.48 g/L for PCT) to obtain
maximal information at high resolution.
Data reductions were performed using the established proce-
dure available at BM29, and buffer background runs were sub-
tracted from sample runs. The Rg and forward intensity at zero
angle I(0) were determined with the program PRIMUS (Konarev et
al., 2003) according to the Guinier approximation at low values, in
a QRg range up to 1.3 as follows:
ln ½IðQ Þ ¼ ln ½I0
Q2R2g
3
ð6Þ
The forward scattering intensities were calibrated using bovine
serum albumin as reference. The Rg and pair distance distribution
function, P(r) were calculated with the program GNOM (Svergun,
1992). The maximum dimension (Dmax) value was adjusted such
that the Rg value obtained from GNOM agreed with that obtained
from the Guinier analysis.
In the case of PMD, 3D beads models were built by ﬁtting the
scattering data with the program DAMMIF (Franke and Svergun,
2009). This program restores a low-resolution shape of the protein
as a volume ﬁlled with densely packed spheres that reproduces the
experimental scattering curve by a simulated annealing minimization
procedure. DAMMIF minimizes the interfacial area between the
molecule and the solvent by imposing compactness and connectivity
constraints. 20 Independent models were generated with DAMMIF
either without imposing a symmetry or by imposing a P2, P3 and P4
symmetry. The models resulting from independent runs were super-
imposed using the DAMAVER suite (Volkov and Svergun, 2003). This
yielded an initial alignment of structures based on their axes of inertia
followed byminimization of the normalized spatial discrepancy (NSD),
which is zero for identical objects and larger than one for system-
atically different objects. Models with an NSD value greater than the
mean value plus twice the standard deviation were discarded.
Accordingly, two and four models were discarded in the case of
PMD and PCT, respectively, when imposing the P3 symmetry. The
aligned structures were then averaged, giving an effective occupancy
to each voxel in the model, and ﬁltered at half-maximal occupancy to
produce models of the appropriate volume that were used for all
subsequent analyses.
Structural modeling
Structural models of HeV PMD were generated as follows. The
model of the tetramer was generated using as template the
structure of NiV PMD (pdb code 4N5B) whose sequence is highly
similar (98%) to that of HeV PMD. The additional N-terminal ﬁve
residues, including the initial methionine and the ﬁrst four
residues of the HeV PMD construct (aa 469–472) whose corre-
sponding NiV residues are not deﬁned in the electron density of
the NiV PMD structure, were modeled using the SAM-T08 server
(Karplus et al., 2003, 2005; Katzman et al., 2008). For each chain of
the tetramer, the two last C-terminal HeV PMD residues (P577 and
G578), whose cognate NiV PMD residues are not deﬁned in the
electron density of the NiV PMD structure, and the C-terminal
hexahistidine tag (6xHis tag) were modeled by prolonging the
coiled-coil. The ﬁnal model thus consists of a long coiled-coil
region (residues 506–578 plus the 6xHis tag) and an N-terminal
region (residues 469–505, hereafter referred to as “head”) that is
not involved in formation of the coiled-coil.
To generate the model of the trimer, we ﬁrst generated a model
of a trimeric coiled-coil of 79 residues in length using the structure
of hemagglutinin (pdb code 2HMG) as starting model. Then, using
Chimera (Pettersen et al., 2004), we appended at the N-terminus
of each of the three chains the “head” fragment in an orientation
as much similar as possible to that found in the tetramer while
avoiding obvious steric clashes.
The dimeric model of HeV PMD, with a 79-residue coiled-coil
region, was generated using the structure of Saccharomyces cerevisiae
Atg16e (pdb code 3A7O) as starting model. The “head” was appended
at the N-terminus of each of the two chains as described above.
Models with the head oriented as in our previous NiV PMD
model (Blocquel et al., 2013), and herein referred to as “head-up”
models, were generated from the aforementioned models by
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appending the “head” in opposite orientation, i.e. exposed to the
solvent rather than packed back onto the coiled-coil region. Note
that in these latter models the “head” conserves the same fold as
in the “head-down” models, so as to minimize differences among
protomers.
All the models were subjected to 10,000 steps of steepest descent
energy minimization using the CHARMM19-EEF1 force ﬁeld (Lazaridis
and Karplus, 1999) implemented in the molecular modeling program
ALMOST (Fu et al., 2014). They were then further reﬁned to remove
steric clashes and improve the agreement with the experimental SAXS
proﬁles. The reﬁnement was performed using ALMOST (Fu et al., 2014)
and consisted of 25 rounds. In each round, 100 structures where
generated by performing a simulated annealing cycle of 40,000 (80 ps)
steps of molecular dynamics starting from a randomly selected
structure among the 25 with the lowest energy from the previous
round. As energy function we used the CHARMM19-EEF1 force ﬁeld
with an additional term that models the agreement of the structure
with the experimental SAXS proﬁle (Forster et al., 2008). Finally the
structure with lowest energy among all 25,000 models was selected.
Statistical analysis
To estimate the statistical signiﬁcance of the individual models
we use Bayesian-Factors (Kass and Raftery, 1995). Bayesian-Factors
provide a direct way to estimate the posterior odds of two models
(hypothesis) A and B by
K ¼ PrðAjdataÞ
PrðBjdataÞ ð7Þ
where Pr(X|data) is the probability of a model X given a set of data.
Appling Bayes theorem, we obtain
K ¼ PðdatajAÞPðAÞ
P datajBð ÞPðBÞ: ð8Þ
The term P(A)/P(B) is the prior odds of the two models. This
factor can be taken to be equal to 1.0 because it is natural to
assume that in the absence of any experimental data all models
are equally likely. From this, it follows that in the case of a single
data point the Bayesian-Factor of two models A and B is
K ¼ eð1=2Þχ2A=eð1=2Þχ2B ð9Þ
where
χ2 ¼ ðD
obsDcalcÞ2
σ2
ð10Þ
is the chi-square between the observed and the calculated data
and σ is the experimental error. In the presence of N independent
data point the previous equation can be easily generalized to
χ2 ¼
XN
i ¼ 1
ðDobsi Dcalci Þ2
σ2i
ð11Þ
The chi-square between an observed and a calculated SAXS
proﬁle is given by
χ2SAXS ¼
1
M
XM
i ¼ 1
ðI qi
 obs IðqiÞcalcÞ2
σ2i
; ð12Þ
where M is the number of sampled points. It would, however, be
an error to compute the Bayesian-Factors using χ2 ¼Mχ2SAXS
because not all M observations are independent. In fact, the SAXS
proﬁle I(q) is the Fourier transform of a band-limited function, the
pair-distance distribution P(r), which is different from zero only
for 0orodmax. In this case, the sampling theorem guarantees
the ability to reconstruct the entire SAXS proﬁle from a set of
Shannon-points qn¼nπ/dmax (Rambo and Tainer, 2013) as follows:
I qð Þ ¼
X1
n ¼ 0
I
nπ
dmax
 
sin ðqdmaxnπÞ
qdmaxnπ
ð13Þ
Because the scattering intensity at any value of q is the
weighted average of the intensities at Shannon-points, it follows
that these points form a set of maximally independent observa-
tions. From this, it follows that the number of independent
observations in a scattering proﬁle truncated at qmax is as follows:
n¼ qmaxdmax=π ð14Þ
For HeV PMD the maximal distance obtained from the calcula-
tion of the pair-distance distribution is dmax¼130 Å. With a
qmax¼0.5 Å1 we obtain approximately n¼20 independent obser-
vations. Putting everything together, we get that the ﬁnal equation
for relative probability of two models is
K ¼ e10χ2Tot A=e10χ2Tot B ð15Þ
where
χ2Tot A ¼ χ20:77þχ21:36þχ23:31 ð16Þ
is the sum of the SAXS chi-square at the three measured PMD
concentrations.
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